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Abstract 

Replication of plus-strand RNA viruses depends on recruited host factors that aid several critical steps during replication. 
Several of the co-opted host factors bind to the viral RNA, which plays multiple roles, including mRNA function, as an 
assembly platform for the viral replicase (VRC), template for RNA synthesis, and encapsidation during infection. It is likely 
that remodeling of the viral RNAs and RNA-protein complexes during the switch from one step to another requires RNA 
helicases. In this paper, we have discovered a second group of cellular RNA helicases, including the elF4AIII-like yeast Fallp 
and the DDX5-like Dbp3p and the orthologous plant AtRH2 and AtRH5 DEAD box helicases, which are co-opted by 
tombusviruses. Unlike the previously characterized DDX3-like AtRH20/Ded1p helicases that bind to the 3' terminal 
promoter region in the viral minus-strand (-)RNA, the other class of elF4AIII-like RNA helicases bind to a different c/s-acting 
element, namely the 5' proximal Rlll(-) replication enhancer (REN) element in the TBSV (-)RNA. We show that the binding 
of AtRH2 and AtRH5 helicases to the TBSV (-)RNA could unwind the dsRNA structure within the Rlll(-) REN. This unique 
characteristic allows the elF4AIII-like helicases to perform novel pro-viral functions involving the Rlll(-) REN in stimulation of 
plus-strand (+)RNA synthesis. We also show that AtRH2 and AtRH5 helicases are components of the tombusvirus VRCs based 
on co-purification experiments. We propose that elF4AIII-like helicases destabilize dsRNA replication intermediate within the 
Rlll(-) REN that promotes bringing the 5' and 3' terminal (-)RNA sequences in close vicinity via long-range RNA-RNA base 
pairing. This newly formed RNA structure promoted by elF4AIII helicase together with AtRH20 helicase might facilitate the 
recycling of the viral replicases for multiple rounds of (+)-strand synthesis, thus resulting in asymmetrical viral replication. 
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Introduction 

Host factors co-opted for replication of plus-stranded (-I-)RNA 
viruses are critical in each step of the well-orchestrated infection 
process. After translation of the viral mRNA-sense genomic 
RNA(s), the viral (-I-)RNA and the viral replication proteins 
together with host RNA-binding proteins (RBPs) are recruited to 
the site of viral replication in membranous cellular compartments. 
Ultimately, the process leads to the assembly of the membrane- 
bound viral replicase complexes (VRCs), followed by the 
activation of the polymerase function of the viral RNA-dependent 
RNA polymerase (RdRp), and initiation of complementary RNA 
synthesis on the viral (-I-)RNA template [1-4]. Subsequent (-1-)- 
strand synthesis in the VRCs takes place in an asymmetric 
manner, producing excess amounts of (-l-)-strand progeny, which is 
released from replication to participate in encapsidation, cell-to- 
cell movement and other viral processes. 



Although the roles of host factors in facilitating the replication 
process of (-I-)RNA viruses have been extensively characterized in 
recent years [1-3,5-11], our current understanding of the role of 
cellular RBPs, which constitute one of the largest groups of host 
factors identified is incomplete [1,12,13]. The co-opted RBPs 
likely affect several steps in viral RNA replication, including viral 
(-I-)RNA recruitment, stabilization of the viral RNA, VRC 
assembly and viral RNA synthesis. 

Tomato bushy stunt vims (TBSV) is a plant RNA virus with a single 
—4,800 nt genomic RNA and has two essential replication 
proteins, p33 and p92^°\ required for TBSV replicon (rep)RNA 
replication in yeast [Saccharomyces cerevisiae) model host [14,15]. The 
membrane-bound tombusvirus VRC contains p33 and p92^°\ and 
the tombusviral (-l-)repRNA, which serves both as a template and 
as a platform during VRC assembly and activation [16-20]. 
Interestingly, the tombusvirus VRC contains at least seven host 
proteins as resident members, including glyceraldehyde-3- 
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Author Summary 

Genome-wide screens for host factors affecting tombus- 
virus replication in yeast indicated that subverted cellular 
RNA helicases likely play major roles in virus replication. 
Tombusviruses do not code for their own helicases and 
they might recruit host RNA helicases to aid their 
replication in infected cells. Accordingly, in this paper, 
the authors show that the yeast elF4AIII-like Fallp and 
Dbp3p and the orthologous plant AtRH2 and AtRH5 
DEAD-box helicases are co-opted by Tomato bushy stunt 
virus (TBSV) to aid viral replication. The authors find that 
elF4AIII-like helicases bind to the replication enhancer 
element (REN) in the viral (-)RNA and they promote (+)- 
strand TBSV RNA synthesis in vitro. Data show that elF4AIII- 
like helicases are present in the viral replicase complex and 
they bind to the replication proteins. In addition, the 
authors show synergistic effect between elF4AIII-like 
helicases and the previously identified DDX3-like Dedip/ 
AtRH20 DEAD box helicases, which bind to a different c/s- 
acting region in the viral (-)RNA, on stimulation of plus- 
strand synthesis. In summary, the authors find that two 
different groups of cellular helicases promote TBSV 
replication via selectively enhancing (+)-strand synthesis 
through different mechanisms. 



phosphate dehydrogenase (GAPDH, encoded by TDH2 and TDH3 
in yeast) [21], the heat shock protein 70 chaperones (Hsp70, Ssa 1 / 2p 
in yeast) [22-25], pyruvate decarboxylase (Pdclp) [25], Gdc34p E2 
ubiquitin conjugating enzyme [26], eukaryotic translation elongation 
factor lA (eEFlA) [27,28], eEFlBy [29], and Dedlp DEAD-box 
helicase [30]. The VRC also contains two temporary resident 
proteins, Pexl9p shuttle protein [31] and the Vps23p adaptor 
ESCRT protein [28,32,33]. Detailed mechanistic studies revealed 
that the cellular Hsp70, eEFlA and Vps23p are involved in the 
assembly of the VRC, while the functions of host RBPs, such as 
eEFlA, eEFlBy, GAPDH and Dedlp, are to regulate viral RNA 
synthesis by the VRC [3,21-24,29,30,34]. 

In spite of our growing understanding of TBSV replication and 
TBSV-host interaction, many questions remain. Indeed, multiple 
genome-wide screens and global proteomics approaches with 
TBSV using yeast as host identified —500 host factors, which 
interact with viral replication proteins or affect TBSV replication 
[25,26,28,34-38]. Among the host proteins identified are 11 host 
ATP-dependent RNA helicases out of 39 known yeast helicases 
that could be involved in TBSV replication. DEAD-box proteins 
constitute the largest family of RNA helicases, which perform 
ATP-dependent RNA duplex unwinding, RNA folding, remodel- 
ing of RNA-protein complexes, and RNA clamping in cells. 
DEAD-box helicases are involved in all aspects of cellular 
metabolism [39-41] and affect replication of many viruses [42], 
including plant RNA viruses [43]. Plant RNA helicases are also 
implicated in plant responses to abiotic stress and pathogen 
infections [44-46]. 

The many cellular RNA helicases identified in TBSV screens 
are intriguing because, tombusviruses and other small RNA 
viruses do not code for their own helicases [47,48]. These viruses 
likely recruit host helicases in order to facilitate viral replication. 
The best-characterized member of the helicase family involved in 
tombusvirus replication is the yeast Dedlp (the human DDX3- 
like) and the similar plant AtRH20 DEAD-box helicases, both of 
which promote (+)-strand synthesis [30]. Dedlp and AtRH20 bind 
to the 3 '-end of the TBSV minus-strand RNA, making the 
promoter sequence accessible to p92^°^ for initiation of (+)-strand 



RNA synthesis. Additional characterization of Dedlp and the 
similar yeast Dbp2p (similar to human p68) DEAD-box helicases 
revealed that these helicases play major and overlapping roles in (+ 
)-strand synthesis [30,49]. Altogether, the identification of 1 1 yeast 
RNA helicases involved in tombusvirus replication suggests that 
tombusviruses likely co-opt a number of host RNA helicases and 
these helicases might have a number of unique functions in viral 
replication. 

In this paper, we characterized the novel pro-viral functions of 
two yeast RNA helicases, which were among those identified in 
previous screens, and their plant orthologs in TBSV replication. 
We found that the yeast Dbp3p (DEAD box protein 3, human 
DDX5-like) and Fallp (eukaryotic translation initiation factor 
4AIII-like) DEAD box helicases, which are involved in ribosome 
biogenesis in yeast [50-52], and the orthologous Arabidopsis RH2 
and RH5 helicases bind to a critical replication enhancer element 
(REN) present in a 5' proximal region of the TBSV minus-strand 
RNA. We show that these cellular helicases can locally unwind the 
double-stranded (ds) structure within the REN of the replication 
intermediate in vitro. These activities by the host helicases enhance 
in vitro replication and plus-strand RNA synthesis, and the 
accumulation of TBSV RNA in yeast and plants. We also 
demonstrate that AtRH2 and AtRH5 helicases work synergisti- 
cally with the DDX3-like AtRH20 helicase (that binds to the 3' 
promoter sequence) to facilitate plus-strand synthesis in an 
asymmetric manner. Altogether, these co-opted host DEAD box 
helicases greatly enhance TBSV replication by interacting with the 
viral (— )RNA and the replication proteins within the VRCs. 

Results 

Overexpression of yeast elF4AIII-like Fallp or Dbp3p 
DEAD-box RNA helicases and the orthologous plant 
AtRH2 and DDX5-like AtRH5 helicases enhances TBSV 
RNA replication in yeast and plants 

To characterize the functions of host RNA helicases in TBSV 
replication, first we overexpressed 5 yeast RNA helicases in yeast 
and tested their effects on TBSV replicon (rep)RNA accumulation 
via Northern blotting (Fig. SI). These helicases were chosen from 
the 1 1 previously identified yeast helicases from several comple- 
mentary high throughput screens using yeast and tombusviruses 
[26,28,35,36,38,53,54]. Overexpression of all 5 host RNA 
helicases increased TBSV accumulation, with the yeast Dbp3p 
showing the highest (over 2-fold increase) stimulation (Fig. SIA-B). 
The overexpression of these host helicases did not affect the 
accumulation of p33 replication protein (Fig. SIA-B), suggesting 
that the effects of this group of RNA helicases are not through 
increased translation of viral replication proteins. Altogether, the 
observed 30-to-140% increase in TBSV RNA accumulation due 
to overexpression of these yeast helicases is significant since 
overexpression of most yeast proteins nonspecifically reduces 
TBSV accumulation by 20-30% as demonstrated before based on 
individual overexpression of 5,500 yeast proteins [26,54]. Thus, 
these helicases likely play stimulatory roles in TBSV replication. 

For additional in-depth studies, we have selected the yeast 
Dbp3p and the highly similar Fallp (human eIF4AIII-like) 
together with the orthologous Arabidopsis AtRH2 (Fallp ortholog 
and human eIF4AIII-like) and AtRH5 (Dbp3p ortholog, human 
DDX5-like) helicases [44]]. Overexpression of AtRH2 and AtRH5 
stimulated (up to 3-fold increase) TBSV repRNA accumulation in 
yeast (Fig. 1 A). The stimulation of tombusvirus accumulation (we 
used Cucumber necrosis virus, CNV, which is very closely related to 
TBSV) was also robust in Nicotiana benthamiana host plants when 
AtRH2 and AtRH5 RNA helicases were overexpressed (up to ~2- 
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Figure 1. Stimulation of tombusvirus RNA accumulation by over-expression of the elF4IIIA-like AtRH2 and the DDX5-like AtRH5 
DEAD-box helicases in yeast and N. benthamiana, (A) Expression of AtRH2 and AtRH5 in yeast (BY4741) enhances TBSV repRNA accumulation. 
Top panel: Replication of the TBSV repRNA was measured by Northern blotting 14 h after initiation of TBSV replication. The accumulation level of 
repRNA was normalized based on the ribosomal (r)RNA. Each sample is obtained from different yeast colonies. Middle and bottom panels: The 
accumulation levels of His6-AtRH2 and HiSe-AtRHS and FLAG-p33 were tested by Western blotting and total protein loading is shown by SDS-PAGE. 
Each experiment was repeated twice. (B) Expression of AtRH2 and AtRH5 were done separately or together in N. benthamiana leaves by 
agroinfiltration. The same leaves were co-infiltrated with Agrobacterium carrying a plasmid to launch Cucumber necrosis virus (CNV, a close relative of 
TBSV) replication from the 35S promoter. The control samples were obtained from leaves expressing no proteins (lanes 5-8). Total RNA was extracted 
from leaves 2.5 days after agroinfiltration that launched CNV replication. The accumulation of CNV gRNA and subgenomic (sg)RNAs in N. 
benthamiana leaves was measured by Northern blotting (Top panel). The ribosomal RNA (rRNA) was used as a loading control and shown in agarose 
gel stained with ethidium-bromide (bottom panel). 
doi:1 0.1 371/journal.ppat.1 004051. gOOl 



fold increase in tombusvirus genomic RNA accumulation, and 
~ 6-fold increase in subgenomic RNA2 accumulation, Fig. IB, 
lanes 1-4 and 9-12 versus 5-8), suggesting that these cellular 
helicases are important host factors. While overexpression of 
AtRH2 and AtRH5 did not affect the phenotype of uninoculated 
jV. benthamiana plants, the tombusvirus-induced symptoms were 
intensified (Fig. 2) and the symptoms appeared faster (not shown), 
when compared with the control host plants not overexpressing 
the AtRH2 and AtRH5 helicases. Simultaneous co-overexpression 
of AtRH2 and AtRH5 increased tombusvirus replication by up to 
2-fold (Fig. IB, lanes 13-16), similar to the level obtained with 
individual overexpression of AtRH2 and AtRH5. Also, the 
symptoms induced by tombusvirus infection in plants with co- 
overexpression of AtRH2 and AtRH5 were comparable to those 
induced by the individual overexpression of AtRH2 and AtRH5 
(Fig. 2). Therefore, it is likely that AtRH2 and AtRH5 play 
comparable and overlapping functions in tombusvirus replication. 
Overall, the host helicase overexpression studies in yeast and plant 
established that AtRH2 and AtRH5 helicases and the orthologous 
yeast Dbp3p and Fallp helicases could support increased level of 
tombusvirus RNA replication in host cells. 

Novel pro-viral function of AtRH2, AtRH5 and the yeast 
Dbp3p and Fallp is to bind to the viral replication 
enhancer present in the tombusvirus minus-strand RNA 

To test if AtRH2, AtRH5 and the yeast Dbp3p and Fallp play 
a comparable role with the previously analyzed yeast Dedlp 
(human DDX3-like) and Dbp2p (human p68-like) and the 
ortologous AtRH20 DEAD-box helicases [30,49], first we 



performed in vitro RNA binding experiments with affinity-purified 
recombinant helicase proteins. Using four different m-acting 
regions present in the TBSV (— )repRNA (Fig. 3A), we found that 
AtRH2 and AtRH5 bind to a unique m-acting sequence in a 5' 

+ CNV 



AtRH2 AtRH2 




+ CNV 



AtRH5 AtRH5 




+ CNV 

AtRH2+ AtRH2+ 
AtRH5 AtRH5 




Figure 2. Over-expression of AtRH2 and AtRH5 in N. benthami- 
ana accelerates the rapid necrosis caused by systemic CNV 
infection. The pictures were taken 7 days after agroinfiltration. 
doi:1 0.1 371/journal.ppat.1 004051 .g002 
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Figure 3. AtRH2 and AtRH5 bind to the Rlll(-) replication enhancer element in the TBSV (-)RNA. (A) Schematic representation of the 
four regions carrying c/s-acting sequences in the genomic RNA and DI-72 repRNA used in the binding assay. Specific binding by the various cellular 
DEAD-box helicases are shown. (B) \n vitro binding assay with purified AtRH2. The assay contained the ^^P-labeled DI-72 (-)repRNA (—0.1 pmol) plus 
increasing amount of unlabeled competitor RNAs, each used in the same amounts, including Rl(-) (3 and 6 pmol), Rll(-) (2 and 4 pmol), Rlll(-) (5 
and 10 pmol) or RIV(-) (4 and 8 pmol). The free or AtRH2-bound ssRNA was separated on nondenaturing 5% acrylamide gels. (C) RNA gel shift 
analysis shows that AtRH5 binds the most efficiently to Rlll(-). ^^P-labeled DI-634 (-)repRNA template (-0.1 pmol) from FHV and unlabeled 
competitor RNAs (2 and 4 pmol) representing one of the four regions of TBSV DI-72 RNA from both RNA strands (see panel A) were used in the 
competition assay. The AtRH5 - ^^P-labeled ssRNA complex was visualized on nondenaturing 5% acrylamide gels. Each experiment was repeated at 
least three times. Note that we used the heterologous FHV DI-634 (-)RNA in the binding assay to allow comparison of {+] versus (-)RNA regions of 
TBSV RNA. The template competition assay showed efficient binding/competition by the Rlll(-) and Rl(-h) sequences for AtRH5. (D) Comparable viral 
RNA binding assay reveals different binding specificity for DDX3-like AtRH20 and the DDX5-like AtRH5 DEAD-box helicases. See additional details in 
panel C. The template competition assay showed efficient binding/competition by the Rl(-), Rll(-), RIV(-) and Rl(-h) sequences for AtRH20. (E) 
Schematic representation of the long-range RNA-RNA interaction between the "base" sequence in the cPR promoter in Rl(-) and the complementary 
"bridge" sequence in Rlll(-) REN [56]. The competitor RNAs used in panel F are shown schematically. (F) The bridge sequence contributes to binding 
of Rlll(-) to AtRH5 in vitro. Top image: RNA-binding analysis of AtRH5 - DI-72 (-)repRNA interaction after UV cross-linking. ^^P-labeled DI-72 (- 
)repRNA was used in the absence (lane 1) or presence of various cold competitor RNAs (lanes 2-7) as shown in panel E. Bottom image: SDS-PAGE 
shows the purified AtRH5 after UV cross-linking to demonstrate comparable sample loading. 
doi:10.1371/journal.ppat.1004051.g003 



proximal region of the minus-strand RNA, called RIII(— ), which 
carries a well-defined RNA replication enhancer (REN) element 
(Fig. 3B, lanes 6-7; and S2A, lanes 5-6) [55,56]. The recombinant 
yeast Dbp3p and Fallp RNA helicases showed similar RNA 
binding characteristics to the RIII(— ) REN in vitro (Fig. S2B-C). 

Importantly, binding of AtRH2, AtRH5 and the yeast Dbp3p 
and Fallp to the TBSV RIII(-) REN element is a novel feature 
for co-opted host helicases. Indeed, the previously characterized 
AtRH20 and the yeast Dedlp and Dbp2p DEAD-box helicases 
bound the most efiiciently to RI(~) sequence carrying the plus- 
strand initiation promoter (Fig. 3A; Fig. 3D versus 3G) [30,49]. 
This striking difference in recognition of two separate m-acting 



elements [indeed RIII(— ) REN is located close to the 5 'end, while 
RI(— ) promoter region is situated at the 3' end of the viral (— 
)RNA, Fig. 3A] by these host helicases indicate that their functions 
and the mechanism of stimulation of TBSV RNA replication must 
be different. 

To confirm binding of AtRH5 to the RIII(-) REN, we also 
performed UV cross-linking experiments with ^^P-labeled DI- 
72(-) RNA and cold competitors (Fig. 3E). The 82 nt complete 
RIII(— ) REN was a better competitor than similar-sized RNA 
lacking one of the stem-loop structure and a "bridge" sequence 
that can base-pair with RI(~) sequence via long-range interaction 
(Fig. 3F, lanes 6-7 versus 2-3) [57]. Our data also support a role 
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for the bridge sequence in binding to AtRH5 (compare lanes 4-5 
with 2-3, Fig. 3F). 

AtRH2 and AtRH5 helicases unwind double-stranded 
RNA structures within the viral replication enhancer 
region 

The efficient binding of AtRH2, AtRH5 and the yeast Dbp3p 
and Fallp to the RIII(— ) REN region indicates that these helicases 
might facilitate the unwinding of RNA structures within the 
RIII(— ) REN during replication. Therefore, we tested if recom- 
binant AtRH2 and AtRH5 could unwind partial RNA duplexes, 
which are known to hinder RdRp-driven RNA synthesis [58,59]. 
We chose partial duplex for this assay, because DEAD-box 
helicases are not processive enzymes and can only unwind short 
duplexes [40]. Interestingly, addition of purified AtRH2 and 
AtRH5 unwound the partial RNA duplex (Fig. 4B, lanes 1 and 2) 
and the yeast Dbp3p and Fallp showed similar activities (lanes 7- 
8). In contrast, Dedlp and AtRH20 helicases did not efficiently 
unwind the RNA duplex formed only within the RIII(-) REN 
(Fig. 4B, lanes 3 and 6). The failure to unwind this partial duplex 
by Dedlp and AtRH20 is likely due to the preference of these 
helicases to bind the RI(— ) sequence of the tombusvirus RNA 
(Fig. 3) [30,49]. Overall, the unwinding assay further supported 
that AtRH2, AtRH5 and the yeast Dbp3p and Fallp have a novel 
pro-viral function during TBSV replication that is based on 
interaction with the RIII(— ) REN element. 

A. TBSV DI-72 partial RNA/RNA duplex: 
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Figure 4. AtRH2 and AtRH5 can unwind short partial RNA/RNA 
duplex within the Rlll(— ) REN in vitro. (A) Schematic representation 
of the partial RNA/RNA duplex used in the strand separation assay. The 
unlabeled template consists of DI-72 (-)repRNA and a complementary 
Rlll(+) RNA, which anneals to the DI-72 (-)repRNA and forms a 82 nt 
duplex as shown. (B) Representative native gel of ^^P-labeled RNA 
products after the in vitro strand separation assay. Strand separation 
assay with a partial RNA/RNA duplex shows the unwinding activity of 
AtRH2 and AtRH5, Fall p and Dbp3p (1 .0 |ag amount) in the presence of 
ATP. The DDX3-like Dedlp and AtRH20 helicases show only partial 
unwinding activities under these conditions. Quantification of the RNA/ 
RNA duplex is done with a Phosphorimager. 
doi:10.1371/journal.ppat.1004051.g004 



Replication enhancer-dependent stimulation of in vitro 
TBSV (+)RNA synthesis by AtRH2 and AtRH5 helicases 

To test the direct efFect of AtRH2 and AtRH5 helicases on 
TBSV RNA synthesis, we utilized detergent-solubilized and 
afFmity-purified tombusvirus replicase from yeast with down 
regulated Fallp (Fig. 5 A). The requirement for Fallp helicase on 
RNA synthesis was supported by the observed ~55% decrease of 
the in vitro activity of the purified replicase obtained from yeast 
with depleted Fallp when compared with the replicase from yeast 
expressing Fallp at high level (Fig. 5B). This purified replicase can 
only synthesize complementary RNA products on added TBSV 
templates allowing for the measurement of the level of RNA 
synthesis [15,16]. 

We found that addition of purified recombinant AtRH2 and 
AtRH5 helicases to the purified tombusvirus replicase (obtained 
from Fallp depleted yeast) programmed with the DI-72 (— )repRNA 
stimulated (+)-strand synthesis by up to 2-fold (Fig. 5G, lanes 2 
versus 3 and 7 versus 8). Interestingly, AtRH2 and AtRH5 helicases 
stimulated the production of both full-length (+)-strand repRNA 
product (via de novo initiation) and the 3 '-terminal extension product 
(3 'TEX; due to initiation of complementary RNA synthesis by self- 
priming from the 3' end of the template, instead of novo initiation 
[60-62]). This is in contrast with AtRH20 and Dedlp helicases, 
which stimulated the production of mostly full-length (+) -strand 
repRNA product (Fig. 5C, lanes 4 and 9) [30,49]. Time-course 
experiments with the purified tombusvirus replicase and a minimal 
template carrying RI(~) and RIII(— ) REN sequences confirmed 
that AtRH2 and AtRH5 helicases stimulated the production of both 
full-length (+)-strand RNA and 3 'TEX products by —two-fold at 
both early and late time points (Fig. 5D). 

Interestingly, the stimulation of RNA synthesis by AtRH2 and 
AtRH5 helicases is lost when we used a (— )repRNA lacking 5' 
sequences including RIII(— ) REN region (Fig. 5E, lanes 3-4 
versus 1). This is in contrast with AtRH20, which was able to 
stimulate the tombusvirus replicase activity on this template RNA 
(Fig. 5E, lane 2). This observation was confirmed in in vitro time- 
course experiments with the purified tombusvirus replicase and a 
template lacking RIII(— ) REN by showing the absence of 
stimulation of RNA synthesis products by AtRH2 and AtRH5 
helicases at both early and late time points (Fig. 5F). Therefore, we 
suggest that AtRH2 and AtRH5 helicases depend on RIII(-) 
REN to facilitate the overall efficiency of template use and RNA 
synthesis on the (— )RNA template by the tombusvirus replicase. 

To test if AtRH2 and AtRH5 helicases could also stimulate RNA 
synthesis by the tombusvirus replicase on dsRNA templates, which 
are formed during TBSV replication (Kovalev et al, in press), we 
used partial dsRNA duplexes (Fig. 6A). The tombusvirus replicase is 
inefficient utilizing these dsRNA templates in vitro [30,49,59]. The 
addition of recombinant AtRH2 and AtRH5 helicases stimulated 
RNA synthesis by up to ~ 2. 5-fold in vitro on a partial dsRNA 
template that had both RI(-) and RIII(-) REN as part of the 
duplex (Fig. 6A, construct ARII and 6B, lanes 2 and 8 versus 1 and 
7). This level of stimulation was comparable to that obtained with 
AtRH20 that targets the RI(-) sequence (Fig. 6B, lanes 3 and 9). 
AtRH2 and AtRH5 helicases also stimulated RNA synthesis on a 
complete dsRNA template (Fig. S3 A and S3B, lanes 9 and 1 1 versus 
14), producing mostly (+)RNA products (Fig. S3C). 

Importantly, the stimulation of RNA synthesis by AtRH2 and 
AtRH5 helicases was lost when a partial dsRNA template lacking 
the RIII(-) REN was used (Fig. 6A, construct ARIII and 6B, lanes 
5 and 11 versus 4 and 10). In contrast, AtRH20 was still able to 
stimulate RNA synthesis on this template (Fig. 6B, lanes 6 and 12), 
as predicted based on the ability of AtRH20 to bind to RI(— ) 
sequence [30,49]. Based on these data, we conclude that AtRH2 
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Figure 5. AtRH2 and AtRH5 promote plus-strand synthesis by the affinity-purified tombusvirus replicase. (A) Scheme of the 
tombusvirus replicase assay. Yeast with depleted elF4IIIA-like Fall p co-expressing p33 and p92P°' replication proteins and DI-72 (-i-)repRNA were used 
to affinity-purify the RNA-free tombusvirus replicase. The in vitro assays were programmed with DI-72 (-)repRNA, and they also contained purified 
recombinant AtRH2, AtRH5 and AtRH20 helicases in addition to ATP/CTP/GTP and ^^P-UTP. (B) Representative denaturing gel of ^^P-labeled RNA 
products synthesized by the purified tombusvirus replicases obtained from yeast either with high Fallp (-DOX) level or depleted Fallp (-hDOX) is 
shown. The level of complementary RNA synthesis on DI-72(-) RNA template producing "repRNA" (marked as "FL", the full-length product, made via 
de novo initiation from the 3'-terminal promoter) was compared in each sample. Note that this replicase preparation also synthesizes B'-terminal 
extension products ("3'TEX"). Each experiment was repeated three times. (C) Representative denaturing gel of ^^P-labeled RNA products synthesized 
in vitro using DI-72(-) template by the purified tombusvirus replicase obtained from yeast with depleted Fall p in the presence of increasing amounts 
of purified recombinant AtRH2 (0.2 and 0.4 |ag), AtRH5 (0.2 and 0.4 |ag) and AtRH20 (1.0 |ag) helicases is shown. Samples in lane 5 and 10 contain 
0.4 |ag AtRH2 and AtRH5, respectively, plus 1.0 [ig of AtRH20. Each experiment was repeated three times. (D) Time-course experiment with the 
purified tombusvirus replicase obtained from yeast with depleted Fallp using DI-72(-)ARII/RIV template. The affinity-purified recombinant AtRH2 
(0.4 |ig), AtRH5 (0.4 |ag) and AtRH20 (0.8 |ig) helicases were added to the assay as shown. See further details in panel C. (E) Representative denaturing 
gel of ^^P-labeled RNA products synthesized in vitro using DI-72(-)ARIII/RIV template by the purified tombusvirus replicase obtained from yeast with 
depleted Fallp in the presence of purified recombinant AtRH2 (0.4 |ag), AtRH5 (0.4 |ag) and AtRH20 (1.0 |ig) helicases is shown. (F) Time-course 
experiment with the purified tombusvirus replicase obtained from yeast with depleted Fallp using DI-72(-)ARIII/RIV template. The affinity-purified 
recombinant AtRH2 (0.4 |ag), AtRH5 (0.4 |ag) and AtRH20 (0.8 |ag) helicases were added to the assay as shown. See further details in panel E. 
doi:1 0.1 371 /journal. ppat.1 004051. g005 
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Figure 6. AtRH2 and AtRH5 promote plus-strand synthesis on partial dsRNA templates by the affinity-purified tombusvirus 
replicase. (A) Scheme of the partial dsRNA templates used. Note the presence or absence of Rlll(-) REN in the templates. (B) Representative 
denaturing gel of ^^P-labeled RNA products synthesized by the purified tombusvirus replicases obtained from yeast with depleted Fallp is shown. 
The level of complementary RNA synthesis on the partial dsRNA templates was compared in the presence of purified recombinant AtRH2 (0.4 |ag), 
AtRH5 (0.4 [ig] and AtRH20 (1.0 |ag) helicases. Note that this replicase preparation produces mostly (+)RNA products when using dsRNA templates. 
Each experiment was repeated three times. 
doi:10.1371/journal.ppat.1004051.g006 



and AtRH5 helicases can stimulate (+)RNA synthesis on dsRNA 
templates in the presence of RIII(— ) REN by the tombusvirus 
replicase. 

To further study the roles of AtRH2 and AtRH5 helicases in 
TBSV replication, we used whole cell extracts (GFE) prepared 
from yeast containing temperature-sensitive (ts) Fallp and lacking 
Dbp3p to support cell-free TBSV replication. TBSV (+)RNA has 
been shown to perform one full cycle of replication, starting with 
VRC assembly, (— )RNA synthesis and finally production of excess 
amount of (+)-strands, in the CFE-based replication assay when 
purified recombinant p33 and p92^°^ replication proteins are 
included [24,63]. The CFE-based replication assay showed that (+ 
)RNA synthesis decreased by ~ 2-fold when compared with the 
control GFE prepared from yeast with high level of Dbp3p and wt 
Fallp (Fig. S4B, lane 4 versus 1). This is in contrast with (— )RNA 
synthesis (represented by dsRNA product), which was unchanged 
when the CFE was prepared from dbp3A/ts-fall yeast versus wt 
yeast. However, addition of purified AtRH2 or AtRH5 to the CFE 
assay increased (+)RNA production by —60-70%, while the (— 
)RNA (in the form of dsRNA) was unchanged (Fig. S4G-D). Thus, 
these data with CFE-based approaches confirm that AtRH2 and 
AtRH5 and the ortologous yeast helicases are important for (+ 
)RNA synthesis during TBSV replication in vitro. 

AtRH2 and AtRH5 are components of the tombusvirus 
replicase 

To examine if AtRH2 and AtRH5 helicases are present within 
the tombusvirus replicase complex, we FLAG afiinity-purified the 
tombusvirus replicase from yeast cells actively replicating TBSV 
repRNA [15,28]. The yeast cells also expressed either Hise-tagged 
AtRH2 or His6-AtRH5 helicases from plasmids. We found that 
the solubilized and affinity-purified tombusvirus replicase prepa- 
ration, which is highly active on added templates in vitro (not 
shown), contained His6-AtRH2 (Fig. 7A, lane 2), while 
His6-AtRH2 was undetectable in the control yeast sample 
obtained using the same affinity purification (Fig. 7 A, lane 3). 



Formation of active replicase complex was not necessary for Hise- 
AtRH2 to become co-opted since the inactive purified replicase 
[the tombusvirus replicase is inactive in the absence of the viral 
RNA; [19,63]] contained His6-AtRH2 when derived from yeast 
lacking the viral repRNA (Fig. 7 A, lane 1). We found that Hisq- 
AtRH5 showed similar characteristics in these co-purification 
experiments (Fig. S5A). 

To test if the TBSV p33 replication protein interacts directly 
with AtRH2 and AtRH5, we performed membrane-based split- 
ubiquitin yeast two-hybrid assay. This assay confirmed the 
interaction between p33 and AtRH2 and AtRH5 (Fig. 7B). The 
yeast Dbp3p and Fallp DEAD-box helicases also interacted with 
p33 in this assay (Fig. S5B). 

To test what region within the TBSV p33 replication protein is 
involved in the interaction with AtRH2 and AtRH5, we 
performed pull-down experiments with MBP-tagged p33 deriva- 
tives from E. coli. These experiments revealed that the RPR-motif 
in p33 involved in viral RNA-binding was responsible for 
interacting with both AtRH2 and AtRH5 (Fig. S6A-B). Interest- 
ingly, the interaction of p33 with AtRH2 and AtRH5 did not 
affect the ability of p33 to bind to the viral (+)repRNA in vitro (Fig. 
S7). The interaction between p33 and (+)repRNA is required for 
recruitment of the viral (+)RNA into replication [17,64]. Based on 
the above interaction data, we suggest that the viral p33 
replication protein (and p92 replication protein, which within its 
N-terminal region contains the p33 sequence due to the expression 
strategy) co-opts AtRH2 and AtRH5 DEAD-box proteins from 
the host cells into the viral replicase complexes to aid the 
replication process. 

Synergistic functions of AtRH5 and AtRH20 helicases in 
promoting tombusvirus replication 

The difference in viral RNA-binding by AtRH2/AtRH5 versus 
AtRH20 suggests that these groups of helicases could have 
synergistic effect on tombusvirus replication. This was tested by co- 
expressing AtRH5 and AtRH20 in JV. benthamiana leaves replicat- 
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Figure 7. AtRH2 is a component of the tombusvirus replicase in 
yeast. (A) The membrane-bound tombusvirus replicase was purified via 
solubilization of the FLAG-tagged p33 and FLAG-p92 from yeast 
extracts using a FLAG-affinity column (lanes 1-2). Yeast not expressing 
p33/p92 was used as a control (lane 3). Top panel: Western blot analysis 
of FLAG-tagged p33 with anti-FLAG antibody. Bottom panel: Western 
blot analysis of Hise-tagged AtRH2 with anti-Hise antibody in the 
affinity- purified replicase preparations. Note that "soluble" represents 
the total protein extract from yeast demonstrating comparable levels of 
His6-AtRH2 in each sample (lanes 4-6). Each experiment was repeated 
three times. (B) Interaction between Arabidopsis DEAD-box helicases 
and the TBSV p33 replication protein based on the membrane yeast 
two hybrid assay (split-ubiquitin assay). The bait p33 was co-expressed 
with the prey full-length host proteins in yeast. The yeast Ssalp (HSP70 
chaperone), and the empty prey vector (NubG) were used as positive 
and negative controls, respectively. The image shows 10-fold serial 
dilutions of yeast cultures. 
doi:10.1371/journal.ppat.1004051.g007 

ing the tombusvirus RNA (Fig. 8). Interestingly, AtRH5 and 
AtRH20 host proteins, when co-expressed together, had the 
largest (up to ~5. 5-fold, Fig. 8A, lanes 13-16) effect on viral 
genomic RNA accumulation in comparison with the ~ 2-fold 
increase for separate expression of AtRH20 (lanes 5-8) and 
AtRH5 (lanes 9-12). Also, the symptom development of 
tombusvirus-infected plants was the most severe and the fastest 
when the two helicases were co-expressed (Fig. 8C). Based on these 
data, we suggest that AtRH5 and AtRH20 have a synergistic effect 
on tombusvirus replication (see further explanation in discussion). 

Discussion 

Replication of (-I-)RNA viruses is performed by viral replicases 
(VRCs), which are membrane-bound ribonucleic acid-protein 
complexes (RNP) [4,12,65]. The VRCs likely have to remodel 



viral RNA structures, including the dsRNA formed during 
replication. In addition, the viral RNA plays multiple roles, such 
as template for translation and RNA synthesis, and as a VRC 
assembly platform and the viral RNA also becomes encapsidated 
during infection [2-4,66] . It is likely that remodeling of the viral 
RNAs and RNP complexes during the switch from one step to 
another requires RNA helicases or RNA chaperones. While the 
larger RNA viruses over 6,000 nt genome-size all code for RNA 
helicase-like proteins [47,48], small RNA viruses usually do not 
code for RNA helicases. However, the small RNA viruses likely co- 
opt cellular RNA helicases during infections as shown for TBSV 
[30,49]. The yeast DDX3-like Dedlp and the orthologous plant 
AtRH20 helicases are recruited for TBSV replication to promote 
(-l-)-strand RNA synthesis by aiding initiation by the viral RdRp. 
However, genome-wide screens and global proteomics approaches 
with TBSV have identified 1 1 host helicases, suggesting that 
several host helicases might be co-opted during TBSV infections 
[28,34]. 

In the current work, we have discovered another class of cellular 
DEAD box RNA helicases, including the yeast eIF4AIII-like Fallp 
and Dbp3p and the orthologous plant AtRH2 and DDX5-like 
AtRH5 DEAD box helicases, which are co-opted by tombus- 
viruses for distinct pro-viral functions. eIF4AIII-like helicases, 
which assist ribosome biogenesis, are likely involved in local 
remodeling of large ribosomal RNP structures [52,67]. Although 
eIF4AIII helicase has striking homology with eIF4A, yet eIF4AIII 
is functionally distinct from eIF4A, having no known role in 
translation initiation, and no interaction with ribosome in vitro 
[52]. The similar Dbp3p helicase, which is also involved in 
ribosome biogenesis, affects the endonuclease RNase MRP-driven 
cleavage of pre-ribosomal RNA [51]. It is currently not known 
how eIF4AIII or Dbp3p RNA helicases are selected for their 
cellular functions. 

In spite of their different cellular functions, Fallp and Dbp3p 
helicases play comparable roles during TBSV replication. We find 
that, unlike the previously characterized AtRH20/Dedlp helicas- 
es, the eIF4AIII-like RNA helicases (i.e., AtRH2, AtRH5, Fallp 
and Dbp3p) bind to a different m-acting element, the RIII(— ) 
REN, which is present at the 5' region of the TBSV (-)RNA 
(Fig. 3A). Also dissimilar with AtRH20/Dedlp helicases is the 
ability of AtRH2, AtRH5 and the yeast Dbp3p and Fallp to 
unwind the dsRNA structure within the RIII(-) REN (Fig. 4). 
This unique characteristic allows these eIF4AIII-like RNA 
helicases to perform unique functions that involves the RIII(— ) 
REN. 

The AtRH2 and AtRH5 helicases are components of the 
tombusvirus VRCs as demonstrated by co-purification experi- 
ments (Fig. 7 and S5). In addition to binding to the viral RNAs, 
these eIF4AIII-like RNA helicases also bind to the p33/p92 
replication proteins, likely facilitating the recruitment of these 
cellular helicases into VRCs. It is possible that additional members 
of the large helicase family could perform a similar function to 
eIF4AIII-like RNA helicases during TBSV replication. Indeed, 39 
RNA helicases are present in yeast and 110-160 RNA helicases 
are described in plants [44,68], indicating that additional members 
of this large protein family could also be involved in TBSV 
replication. 

A new role for elF4AIII helicases in viral asymmetrical 
RNA synthesis 

One of the hallmark features of (-I-)RNA virus replication is the 
asymmetric nature of RNA synthesis [12,69-71]. The replication 
process leads to the production of abundant (-I-)RNA progeny, 
while the (— )RNA templates are likely sequestered in dsRNA 
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Figure 8. Synergistic stimulatory effect of over-expression of the elF4IIIA-like AtRHS and the DDX3-like AtRH20 DEAD-box 
helicases on tombusvirus RNA accumulation in N. benthamiana, {A) Northern blot analysis of the accumulation of CNV gRNA and subgenomic 
(sg)RNAs in N. benthamiana leaves. Expression of AtRHS and AtRH20 were done separately or together in N. benthamiana leaves by agroinfiltration. 
The same leaves were co-infiltrated with Agrobacterium carrying a plasmid to launch CNV replication from the 35S promoter. The control samples 
were obtained from leaves expressing no proteins (lanes 1-4). Total RNA was extracted from leaves 2.5 days after agroinfiltration after launching CNV 
replication. The ribosomal RNA (rRNA) was used as a loading control and shown in agarose gel stained with ethidium-bromide (middle panel). (B) Co- 
over-expression of AtRHS and AtRH20 in N. benthamiana accelerates the rapid necrosis caused by systemic CNV infection. The pictures were taken 12 
days after agroinfiltration. 
doi:10.1371/journal.ppat.1004051.g008 



forms within the VRCs. The presented in vitro data based on the 
solubilized/purified tombusvirus replicase and the CFE assay 
containing the membrane-bound VRC indicate that the eIF4AIII- 
like RNA helicases can mainly stimulate TBSV (-l-)-strand 
synthesis, while their effects on (— )RNA synthesis have not been 
observed (not shown). 

The recombinant eIF4AIII-like RNA helicases enhanced (-1-)- 
strand synthesis by the purified recombinant tombusvirus repli- 
case, it is possible that these helicases directly affect TBSV RNA 
synthesis via affecting the structure of the RNA templates, 
including the RIII(— )REN. However, we cannot fully exclude 
that AtRH2, AtRH5 and the yeast Fallp and Dbp3p helicases 
could also affect the activity of the VRC due to their interactions 
with p33 and p92 (Fig. 7). Overall, the recruitment of eIF4Ain- 
like DEAD-box helicases for replication of a small RNA virus is 
remarkable, and we suggest that small (-I-)RNA viruses likely co-opt 
two or more different host helicases that interact with different cis- 
acting elements in the viral RNA to aid viral replication. 

Model on the synergistic functions of co-opted host 
helicases in TBSV RNA replication 

Based on their RNA binding features and their abilities to 
unwind dsRNA regions only locally, we propose that the helicase 
functions of AtRH2, AtRH5 and the yeast Fallp and Dbp3p are 
likely important for unwinding of the RIII(— ) REN region in the 
dsRNA structure formed within the VRCs during TBSV 
replication. Why is local unwinding of dsRNA within the RIII(— 
) REN stimulatory for replication? We suggest that the locally 
opened RIII in the dsRNA form might allow the bridge sequence 
within the RIII(— ) REN to participate in a long-range base- 
pairing with the 3 'end of the (— )RNA, thus bringing the 5' and 3' 
terminal sequences of the (— )RNA in close vicinity (Fig. 9). This 
could facilitate (-l-)-strand synthesis and the reutilization of the viral 
replicases (VRCs) for multiple rounds (as discussed below). 



However, the long-distance base pairing between the "bridge" 
in RIII(-) REN and the cPR promoter in RI(-), both of which 
are buried in the dsRNA structure, should also depend on opening 
the dsRNA form within RI(~). This function is unlikely performed 
by eIF4Ain-like RNA helicases. Instead, we have previously 
demonstrated that the subverted DDX3-like AtRH20/Dedlp 
helicases could open up the dsRNA structure within the RI(~) 
sequence [30]. 

In summary, based on this and previous publications [21,30,49], 
the emerging picture with TBSV is that this virus utilizes co-opted 
RNA-binding host proteins to regulate asymmetric viral RNA 
replication. The recruited host proteins are needed for specific 
interactions with various m-acting sequences in the viral (— )RNA 
because the viral p33/p92 replication proteins bind to TBSV (— 
)RNA nonspecifically [72]. We propose that, first, the recruited 
eIF4AIII-like RNA helicase proteins bind to RIII(-) REN, while 
the DDX3-like AtRH20/Dedlp helicases bind to RI(-) sequence. 
The interactions of two groups of helicases with the viral dsRNA 
likely opens up the 5' proximal RIII(— ) REN and the 3' terminal 
promoter region from the dsRNA structure present in the VRCs. 
Then, long-distance RNA-RNA interaction between the bridge 
sequence in the RIII(— ) REN and the 3' terminal sequence [57] 
could "circularize" the (— )RNA template and bring the p92 RdRp 
protein from the 5 ' end back to the 3 ' end for a new round of (-!-)- 
strand synthesis (Fig. 9). As proposed earlier [30,49], an additional 
function of AtRH20/Dedlp is to further unwind local secondary 
structure within RI(~) to promote the association of the cellular 
GAPDH with an AU-rich internal site and proper positioning of 
the GAPDH-p92 RdRp complex [73] over the (-K)-strand initiation 
promoter, leading to robust (-I-)RNA synthesis. Therefore, we 
propose that the synergistic effect between the two groups of 
subverted helicases, host GAPDH and the viral p92^°^ might 
promote efficient recycling of the viral RdRp, resulting in multiple 
rounds of (-I-)RNA synthesis on the same dsRNA template (Fig. 9). 
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Figure 9. Model on the roles of co-opted cellular helicases in asymmetrical replication of tombusviruses. C/s-acting replication 
elements present at the 3' and 5' ends of the viral (-)RNA are recognized by cellular helicases to locally open the viral dsRNA replication form. 
Namely, the elF4AIII-like helicases unwind the dsRNA structure within the Rlll(-) REN, while the DDX3-like helicases open up the dsRNA structure 
within Rl(-) (as shown schematically). Long-range RNA-RNA interaction between the "bridge" and the cPR region (promoter sequence at the 3' end) 
in the (-)RNA is proposed to lead to circularization of the viral (-)RNA, which is still part of the dsRNA. This RNA structure is suggested to facilitate 
the transfer of the viral p92P°' from the 5' end of the (-)RNA [after completion of the (-i-)RNA strand synthesis in the previous round] back to the 3' 
cPR in the (-)RNA for a new round of (-i-)RNA strand synthesis. Another co-opted cellular protein, GAPDH (called Tdh2/3 in yeast) is likely involved in 
this process by facilitating the binding of p92^°^ to the 3'end of the (-)RNA. Altogether, the re-use of the viral p92^°^ multiple times on the same (-) 
RNA template could result in production of multiple (-i-)RNA progeny, resulting in the characteristic asymmetric viral RNA replication. Note that it is 
also possible that p92'^°' is standing still, while the RNA template is moved during RNA synthesis within the membrane-bound VRCs. 
doi:10.1371/journal.ppat.1004051.g009 



This strategy could be beneficial for the virus by allowing 
asymmetric RNA synthesis on dsRNA templates, thus leading to 
excess amount of progeny (-l-)RNAs. 

It is currently not known if other viruses might also use two 
different groups of cellular helicases to aid their replication. 
However, HIV retrovirus, which also lacks viral-coded helicases, 
has been shown to recruit several cellular helicases, including 
DDX3, for various steps of its infection cycle [74-76]. In addition, 
host DEAD-box helicases have been shown to affect virus 
infections, including translation of viral proteins [77-79]; viral 
RNA replication [43,80-83]; subgenomic RNA synthesis [84]; 
reverse transcription [85]; virus assembly [86]; virus-mediated 
regulation of host gene transcription [87], and the activity of many 
anti-viral proteins [88-90] . Therefore, the emerging picture is that 



RNA viruses subvert multiple members of the cellular RNA 
helicase family during infections. 

Materials and Methods 

Yeast strains and expression plasmids 

Saccharomyces cerevisiae strain BY4741, Adbp3 (YKO library) and 
TET::Fall yeast strain (yTHC library), were obtained from Open 
Biosystems (Huntsville, AL, USA). Ts-Fall yeast strain was from a 
yeast ts strain collection [91]. Yeast strain NMY51 was obtained 
from Dualsystems. Adbp3/ts-Fall yeast strain was generated as 
follows: plasmid pYM-14 (EUROSCARF) [92] was used for PGR 
with primers #5011 and #5012 (Table SI) to amplify the Dbp3 
deletion cassette. Ts-Fall yeast was transformed with the obtained 
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PGR product and the suitable yeast strain was selected on G418 
containing plates. Then, yeast strains were grown in liquid media 
and genomic DNA was isolated. The correct deletion site was 
checked by PGR with primers #2215 and #5019 using genomic 
DNA as a template. 

PGR products of yeast helicase genes were obtained as follows: 
yeast genomic DNA was used as a template for amplification by 
PGR with primers #4612 and #4613 for DBP3] #4569 and 
#4570 for DBP5- #461 1 and #4756 for DBP7- #2351 and 4825 
for TIFl) and #4893 and #4894 for FALL The generated PGR 
products were digested with BamHl and Xbal in the case of DBP3 
and DBP5 and with BgKl and Xbal in the case of DBP7. Plasmids 
pYG-His (provided by Dr. Daniel Barajas) and pMalc-2x (New 
England Biolabs) were digested with BamHl and Xbal and pPr-N 
(Dualsystems) was digested with BamHl and Nhel and ligated with 
the similarly treated PGR products of DBP3, DBP5 and DBP7. 

The PGR products of plant helicases were obtained as follows: 
Total RNA was isolated from A. thaliana and used for RT-PGR 
with primers #4816 and #4817 for AtRH2; #4813 and #4871 
for AtRH4; #4819 and #4820 for AtRH5; and #4822 and 
#4823 for AtRH7. The obtained PGR products were digested 
with BamHl and SaK in the case of AtRH2, AtRH4, AtRH7, FALX 
and TIFl and BgKl and SaK in the case of AtRH5. Plasmid pYG- 
His was digested with BamHl and Xhol and plasmids pMalc-2x, 
pPr-N, pET-30c(+) (for AtRH2 and AtRH5), and pGD-35S (for 
AtRH2, AtRH4, AtRH5 and AtRH7) were digested with BamHl 
and SaK and ligated to similarly treated PGR products of AtRH2, 
AtRH4, AtRH5 and AtRH7, FALl and TIFL 

Overexpression plasmid pGD-RH20 was obtained as follows: 
AtRH20 sequence was amplified using primers #4318 and #4473 
and pMAL-RH20 [49] as a template. The obtained PGR product 
was digested with BamHl and Spel and inserted into pGD-35S 
plasmid, which was digested with BamHl and Xbai. The plasmids 
pGBK-HIS-Gup-Flag33/Gal-DI-72 expressing Flag-tagged p33 of 
cucumber necrosis virus (GNV) and the TBSV DI-72 repRNA 
[93], pGAD-Gup-Flag92 [94], pGD-GNV and pGD-pl9 [95] 
were described earlier. 

Overexpression in plants 

Gultures of Agrobacterium tumefaciens G58G1 strain carrying pGD- 
RH2, pGD-RH5, pGD-RH20 (individually) with pGD-GNV and 
pGD-pl9 were prepared and infiltrated into leaves of N. 
benthamiana as described earlier [95] . Agrobacterium culture carrying 
empty pGD-35S plasmid was used as a negative control. During 
multiple overexpression, we used the Agrobacterium cultures with the 
following density: 0.15 ODeoo for pGD-GNV, 0.15 for pGD-pl9 
and 0.7 for one of pGD-RHx (or empty pGD) or 0.35 for each of 
pGD-RHx when combination of two was applied to the same leaf 

Plant samples from infiltrated leaves were taken 60 hours after 
infection. RNA was isolated and Northern blot analysis was 
performed using previously described [14,95]. For selected 
samples, proteins were isolated and total proteins level was 
adjusted based on Goomassie-blue staining. For Western blot 
analysis, anti-p33 antibody was used (a generous gift of Herman 
Scholthof, Texas AM University). Pictures of infected plants were 
taken 7 days after agroinfiltration. 

Recombinant protein purification from E coli and in vitro 
pull-down assay 

Recombinant MBP-tagged helicase proteins, the MBP-tagged 
TBSV p33 and p92 replication proteins and several truncated 
MBP-tagged p33G derivatives (described earlier) were expressed in 
F. coli and purified as published earlier with modifications [72,96]. 
Briefly, the expression plasmids were transformed into E. coli strain 



BL21 (DE3) GodonPlus. Protein expression of the selected helicase 
proteins was induced by isopropyl-|3-D-thiogalactopyranoside 
(IPTG) for 8 h at 23°G and in the case of viral proteins p33 and 
p92 at 16°G. After the collection of cells by centrifugation 
(5,000 rpm for 5 min), the cells were resuspended and sonicated in 
low-salt column buffer (30 mM HEPES-KOH pH 7.4, 25 mM 
NaGl, 1 mM EDTA, 10 mM (3-mercaptoethanol). To remove 
cells debris, the lysate was centrifuged at 14,000 rpm for 5 min, 
followed by supernatant incubation with amylose resin (NEB) for 
15 min at 4°G. After careful washing of the columns, the proteins 
were eluted with MBP-elution buffer [column buffer containing 
0.18% (W/V) maltose]. Purification of Hise-tagged AtRH2 and 
His6-AtRH5 (using plasmids pET30-RH2 or pET30-RH5) was 
carried out using ProBond (Invitrogen) resin (washed with column 
buffer, containing 60 mM Imidazole and eluted with column 
buffer [lacking (3-mercaptoethanol], containing 1 M Imidazole), 
following otherwise the same protocol as for the MBP-tagged 
proteins. Purified proteins were aliquoted and stored at — 80°G. 
Proteins used for the replication assays were at least 95% pure, as 
determined by SDS-PAGE (not shown). 

For in vitro pull-down assay, purified Hise-tagged helicase 
proteins (200 |ig) were loaded onto MBP columns, containing 
bound MBP-tagged p33G derivatives and incubated with mixing 
for 25 min at 4°G [30]. The columns were washed three times 
with cold column buffer and the bound protein complexes were 
eluted with MBP-elution buffer. The eluates were analyzed for the 
presence of Hise-tagged proteins by SDS-PAGE, followed by 
Goomassie blue staining or Western blotting with an anti-His 
antibody. 

RNA transcripts for in vitro assays 

PGR products for "-hbridge" and "Abridge" constructs (Fig. 3E) 
were prepared as follows: pGBK-HIS-Gup-Flag33/Gal-DI-72 was 
used as a template for PGR with primer pairs #5480 and #5481, 
or #5480 and #5482, respectively. The generated PGR products 
were used to obtain +bridge RNA (86 nt in length) or Abridge 
RNA (73 nt in length), each starting from position 368 in DI-72. 
The RNA transcripts were synthesized on the PGR templates 
using T7-based transcription [97]. The RNA transcripts used in 
GFE-based replication or rephcase assays were purified as 
described earlier [97]. The "^^P-labeled or unlabeled four separate 
regions (RI-IV, Fig. 3A) and the full-length DI-72 (+) and (- 
)RNAs were produced as published [72]. Full-length FHV-derived 
DI-634 (+) or (-)RNA was produced as described [30]. The 
amounts of transcripts were quantified by UV spectrophotometer 
(Beckman). 

Partial dsRNA duplexes [(-)R124/(+)DI-72 and ((-)R134/(+) 
DI-72] for in vitro rephcase assay were prepared as follows: 
approximately 2 pmol of ^^P-labeled (— )R134 or (— )R124 were 
annealed to unlabeled DI-72(+) RNA in STE buffer (10 mM 
TRIS, pH 8.0, 1 mM EDTA, and 100 m M NaGl) by slowly 
cooling down the samples (in 20 |il) from 94°G to 25°G in 30 min. 

Gomplete DI-72 dsRNA duplexes were prepared using 
Replicator RNAi kit (Finnzymes). Briefly, DI-72 (-H)-strand RNA, 
which was synthesized with T7 transcription, was used as a 
template for synthesis of DI-72 dsRNA by Phi6 RNA polymerase 
in vitro. Purity of dsRNAs was tested with agarose gel-electropho- 
resis. 

Gel mobility shift assay (EMSA) and strand separation 
assay 

EMSA was performed as described previously [17], with 
modifications: the binding assay was done in the presence of 
20 mM HEPES (pH 7.4), 50 mM NaGl, 10 mM MgGls, 1 mM 
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DTT, 1 mM EDTA 5% glycerol, 6 U of RNasin and 0.1 mg 
tRNA in a 10 |il reaction volume. Approximately 0.1 pmol of ^^P- 
labeled RNA probes, 0.6 |ig of purified recombinant proteins and 
0.15 or 0.3 |ig of unlabeled RNA were used in template 
competition assay. For the assay, we used 0.02 jig MBP-p33G, 
0.1 pmol of ^2p-labeled SLR2 RNA (the stem-loop sequence from 
RII) [17] and MBP-AtRH2 (or MBP-AtRH5), in 0.02, 0.06, 0.2 or 
0.6 |Lig amounts. 

Strand separation assay was performed as published [58]. 
Briefly, about 2 pmol of ^^P-labeled RIII(-) or RI/II/III(-) were 
annealed to unlabeled DI-72 (+)RNA in STE buffer by slowly 
cooling down the samples (in 20 |li1) from 94°C to 25°C in 30 min. 
0.6 |Lig of purified recombinant helicase proteins (in MBP elution 
buffer) or MBP as a negative controls were added separately to the 
pardal dsRNA duplex in the RdRp buffer. 2 mM of ATP was 
added to the reaction. Reaction mixtures were incubated for 
1 5 min at room temperature and loaded onto 5 % nondenaturing 
polyacrylamide gel as described previously [58]. 

Some samples were treated with proteinase K after the assay. 
The incubation with proteinase K lasted for 10 min at 37°C using 
0.5 |il of proteinase K from stock of 20 mg/ml (dissolved in 
50 mM Tris-HCl pH 8.0, supplemented with 1.5 mM CaCl2), 
followed by loading onto 5% nondenaturing polyacrylamide gel. 

UV-cross-linking assay 

The UV-cross-linking assay was performed as described [98]. 
The 10 |Lil reaction mixture contained 1 |ig purified MBP-tagged 
AtRH2 or AtRH5 proteins, respectively, 0.5 nM ^^P-UTP-labeled 
RNA probe, 10 mM HEPES, pH 7.9, 100 mM KCl, 1 mM 
MgCl2, 10% glycerol, and 1 |ig tRNA. Unlabeled RNA transcripts 
of RIII(— ) or "-l-bridge" and "Abridge" constructs (all RNAs were 
comparable in length) were used as competitors in 0.1 to 0.3 |ig 
amounts in the competition assay. After the formation of RNA- 
protein complexes during incubation of the reaction mixtures at 
room temperature for ~15 min, we transferred the reaction 
mixtures to a 96-well plate on ice. To cross-link the RNA and 
protein, we irradiated the reaction mixtures on ice at 254 nm 
wave-length for 10 min using an UV Stratalinker 1800 (Strata- 
gene). Then, we digested the unprotected RNAs by 1 mg/ml 
RNase A for 15 min at 37°C. Samples were mixed and boUed for 
10 min in 1 X SDS loading dye. Analysis was performed using 
SDS-PAGE and phosphorimaging [98] . 

Helicase proteins co-purification with the viral replicase 

Yeast strain Adbp3 was transformed with plasmids pGBK-HIS- 
Cup-Flag33/Gal-DI-72, pGAD-Cup-Flagp92 and pYC-Gal- 
6xHisRH2 or pYC-Gal-6 xHisRH5 to co-express the cellular 
helicases with the viral replication proteins in yeast cells actively 
replicating the TBSV repRNA. The transformed yeast strains 
were selected on SC-ULH~ plates and then pre-grown overnight 
at 29°C in selective media containing 2% glucose [49]. After that 
yeast strains were pelleted by centrifugation at 2,000 rpm for 
3 min, we washed the pellet with SC-ULH~ media containing 2% 
galactose and 50 )liM CUSO4, yeast were grown for 36 hours in 
SC-ULH~ media containing 2% galactose at 23°C. Pelleted yeasts 
(about 200 mg) were used for affinity-purification of FLAG-p33 
and FLAG-p92 with and-FLAG M2 agarose as published 
previously [15,49]. FLAG-p33 was detected with anti-Flag 
antibody (1/10,000 dilution) and AP-conjugated anti-mouse 
antibody (1/10,000). His6-AtRH2 or His6-AtRH5 proteins were 
detected with anti-His antibody from mouse (1/10,000 dilution) 
and AP-conjugated anti-mouse (1/10,000) followed by NBT-BCIP 
detection [15,49]. 



Analysis of helicase protein - viral protein interactions 
using the split-ubiquitin assay 

The split-ubiquitin assay was based on the Dualmembrane kit3 
(Dualsystems). pGAD-BT2-N-His33, expressing the CNV p33 
replication protein (bait construct), has been published earlier [26] . 
Yeast strain NMY51 was co-transformed with pGAD-BT2-N- 
His33 and one of the prey constructs carrying the cDNA for a 
given helicase or pPR-N-RE as a negative control or pPR-N-i5*iS!4i 
as a positive control [26]. Yeasts were plated onto Trp2~/Leu2~ 
synthetic minimal medium plates. After transformed colonies were 
picked with a loop and re-suspended in water, we streaked them 
onto TLH~ (Trp2 /Leu2 /His2 ) plates to test for helicase 
protein-p33 interactions as described [26]. 

Over-expression of cellular helicases in yeast 

To study the effect of over-expression of yeast and plant helicase 
proteins on DI-72 repRNA replication in yeast, we transformed S. 
cerevisiae strain BY4741 with three plasmids: pGBK-HIS-Cup- 
Flag33/Gal-DI-72, pGAD-Cup-Flag92 and one of the following 
plasmids: pYC-His-RH2, pYC-His-RH4, pYC-His-RH5, pYC- 
His-RH7, pYC-His-Dbp3, pYC-His-Dbp5, pYG-His-Dbp7, pYC- 
His-Fall, pYC-His-Tifl (empty pYC plasmid was used as a 
control). After the selection of transformed yeast cells on SC- 
ULH~ plates, they were pre-grown in SC-ULH~ media 
containing 2% glucose for 24 h at 29°C. Then cells were 
centrifuged at 2,000 rpm for 3 min, washed with SC-ULH 
media containing 2% galactose and resuspended in SC-ULH~ 
media containing 2% galactose and 50 |iM GUSO4. After growing 
yeast cells for 14 h at 23°G, they were used for total RNA 
extraction and Northern blotting and Western blotting as 
previously published [15]. 

Tombusvirus replicase purification from yeast and in vitro 
RdRp assay 

After yeast strain TET:Fall was transformed with plasmids 
pGBK-HIS-Gup-Flag33/Gal-DI-72 and pGAD-Gup-Flag92, it 
was pre-grown in SC-ULH~ media containing 2% glucose at 
29°C. Then yeast cells were centrifuged at 2,000 rpm for 3 min, 
washed with SC-ULH media containing 2% galactose and 
resuspended in SC-ULH media containing 2% galactose and 
50 |iM CUSO4 in the presence or absence of 1 mg/ml Doxycy- 
cline. After growing for 24 h at 23°C, and yeasts were pelleted and 
the replicase was purified according to a previously published 
procedure [25] . Briefly, approximately 200 mg of wet yeast cell 
pellet were resuspended in TG buffer [50 mM Tris-HCl 
[pH 7.5], 10% glycerol, 15 mM MgClg, 10 mM KCl, 0.5 M 
NaCl, and 1 % [V/V] yeast protease inhibitor cocktail (Ypic)] and 
homogenized in FastPrep Homogenizer (MP Biomedicals) by glass 
beads. After the membrane fraction was solubilized with 1 ml TG 
buffer containing 1% Triton X-100, 1% [V/V] Ypic, Flag-p33 
and Flag-p92 were affinity purified on anti-FLAG M2 -agarose 
affinity resin (Sigma). Replicase complex was eluted with 200 ml 
elution buffer [50 mM Tris-HCl [pH 7.5], 10% glycerol, 15 mM 
MgCls, 10 mM KCl, 50 mM NaCl, 0.5% Triton X-100, and 
0.15 mg/ml Flag peptide (Sigma)]. 

In vitro RdRp activity assays with the purified tombusvirus 
replicase preparations were performed by using DI-72 (— )RNA, 
RI/II (-)RNA or partial dsRNA [such as (-)RI/II/IV/(-h)DI-72 
or [(-)RI/III/IV/(+)DI-72] or complete dsRNA templates. 
RNase ONE digestion to remove single-stranded ^^P-labeled 
RNA was performed at 37°C for 30 min in a 1 x RNase ONE 
buffer containing 0.1 |Lil of RNase ONE (Promega) [49] . 
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In vitro TBSV replication assay in cell-free yeast extract 

We prepared cell-free extract (CFE) from BY4741 or Adbp3/ts- 
Fall yeast strains as described earlier [24]. The CFE-based TBSV 
replication assays were performed in 20 |ll total volume containing 
2 III of CFE, unlabeled 0.15 |ig DI-72 (-h)RNA or RI/II/IV {+ 
)RNA transcripts, 200 ng purified MBP-p33, 200 ng purified 
MBP-p92P°^ and 200 ng purified MBP-tagged helicase proteins. 
The assays were performed as published [24,63]. Fractionation of 
the assay products was done as follows: after 3 h of incubation at 
25°C, reaction mixtures were centrifuged at 2 1,000 x g for 10 min 
to separate the "soluble" (supernatant) and "membrane" (pellet) 
fraction. Then the membrane fraction was re-suspended in 
reaction buffer. Both fractions were then treated as separate 
samples during phenol/ chlorophorm extraction, ethanol precipi- 
tation. The samples were dissolved in 1 xRNA loading dye and 
analyzed by PAGE electrophoresis in 5% polyacrylamide gel 
containing 8 M urea with 0.5 x Tris-borate/EDTA buffer as 
described [24,63]. For the detection of the ^^P-labeled dsRNAs 
generated in the CFE assays, we prepared the RNA samples in 1 x 
RNA loading dye (containing 25% formamide), followed by 
dividing the samples into two equal fractions; one half was loaded 
on the gel without heat-treatment, while the other half was heat- 
treated for RNA denaturation at 85 °C for 5 min and analyzed by 
PAGE [27]. 

Supporting Information 

Figure SI Over-expression of selected yeast RNA helicases 
enhanced TBSV repRNA accumulation in yeast. (A) The wt yeast 
strain was used for the overexpression experiments. Top panel: 
Northern blot analysis of TBSV repRNA accumulation in yeast 
overproducing the Hise-tagged Dbp3p (DDX5-like), Dbp5p, 
Dbp7p, Fallp (eIF4AIII-like) and Tiflp (eIF4A-like) DEAD-box 
helicases from plasmids. These yeast helicases have been identified 
in previous high throughput screens with TBSV and yeast host. 
The TBSV repRNA levels were normalized based on rRNA 
loading. Bottom panel: Northern blot analysis shows the level of 
ribosomal RNA loading. (B) Top panel: Detection of the 
overproduced Hise-tagged Dbp3p, Dbp5p, Dbp7p, Fallp and 
Tiflp DEAD-box helicases by Western blotting using anti-His 
antibody in yeast. Bottom panel: Detection of Flag- tagged p33 and 
p92^°^ by Western blotting using anti-Flag antibody. The total 
protein level in each sample was analyzed by SDS-PAGE and 
Coommassie-blue staining. Note that all the helicases expressed in 
yeast are Hise-tagged at the N-terminus. 
(PDF) 

Figure S2 AtRH5, and the yeast Dbp3p and Fallp helicases 
bind to the RIII(— ) replication enhancer element in the TBSV (— ) 
RNA. (A-C) In vitro binding assay with 0.6 |ig of purified AtRH5, 
the yeast Dbp3p and Fallp hehcases. The assay contained the ^^P- 
labeled DI-72 (— )repRNA (~0.1 pmol) plus increasing amount of 
unlabeled competitor RNAs, including RI(-), Rn(-), RIII(-) or 
RIV(— ). The free or helicase-bound ssRNA was separated on 
nondenaturing 5% acrylamide gels, followed by quantification of 
the bound RNA by a Phosphorimager. See further details in Fig. 3. 
(PDF) 

Figure S3 Utilization of full DI-72 RNA/RNA duplex by the 
tombusvirus replicase is facilitated by cellular hehcases in vitro. (A) 
Schematic representation of the 621 bp DI-72 RNA/RNA duplex 
used in the tombusvirus replication assay. (B) Representative 
denaturing gel of ^^P-labeled RNA products synthesized in vitro 
using DI-72 RNA/RNA duplex template by the purified 
tombusvirus replicase obtained from yeast with depleted Fallp 



in the presence of 0.4 |ig of purified recombinant cellular helicases 
(except 1.0 |Lig in case of AtRH20) is shown. Note that lanes 1-6 
show samples from the in vitro replication assays with the 
combination of two cellular helicases [i.e., AtRH20 (1.0 |ig) plus 
the shown helicase), while lanes 7 13 show samples with only a 
single helicase in the assay. (C) Detection of (+) and (— )-stranded 
RNA products produced by the purified TBSV replicase on the 
DI-72 RNA/RNA duplex template in vitro replication assay 
containing cellular AtRH5 and AtRH20 helicases (lane 2 in panel 
B). The blot contains the same amount of cold (+) and (— )- 
stranded DI-72 RNA, while the ^^P-labeled repRNA probes were 
generated as in panel B. The ratio of (+) and (— )-stranded RNA 
products was estimated. 
(PDF) 

Figure S4 Cell-free TBSV replication assay supports a role for 
Fallp and Dbp3p helicases in plus-strand synthesis. (A) Scheme of 
the CFE-based TBSV replication assay. TBSV DI-72 (-h)repRNA 
was added to the whole cell extract (CFE) prepared from either 
WT yeast or Dbp3p-depleted and ts-Fallp-inactivated yeast strain 
expressing p33 and p92^°^ replication proteins. The membrane 
and soluble fractions were separated at the end of the replication 
assay by centrifugation. (B) Detection of single- and double- 
stranded RNA products produced in the cell-free TBSV 
replication assays. "T" total, "M" membrane fraction, "S" soluble 
fraction. Note that the ssRNA present in the "S" fraction 
represents the released (+)repRNA products from the mem- 
brane-bound VRCs. (C) Scheme of the CFE-based TBSV 
replication assay with purified recombinant cellular helicases. (D) 
Detection of single- and double-stranded RNA products produced 
in the cell-free TBSV replication assays by denaturing PAGE 
analysis of the ^^P-labeled TBSV repRNA products (See panel C). 
The assay also contained purified recombinant AtRH2 or AtRH5 
(0.15 |ig) or MBP (the same molar amount as the helicases) as a 
control. Odd numbered lanes represent replicase products, which 
were not heat treated (thus both ssRNA and dsRNA products are 
present), while the even numbered lanes show the heat-treated 
replicase products (only ssRNA is present). The % of dsRNA and 
ssRNA in the samples are shown. Note that, in the nondenatured 
samples, the dsRNA product represents the annealed (— )RNA and 
the (+)RNA, while the ssRNA products represents the newly made 
(-l-)RNA products. Each experiment was repeated three times. 
(PDF) 

Figure S5 AtRH5 is a component of the tombusvirus replicase 
in yeast. (A) The membrane-bound tombusvirus replicase was 
purified via solubilization of the FLAG-tagged p33F from yeast 
extracts using a FLAG-affinity column (lanes 1-2). Yeast not 
expressing p33F was used as a control (lane 3). Top panel: Western 
blot analysis of FLAG-tagged p33F with anti-FLAG antibody. 
Bottom panel: Western blot analysis of Hise-tagged AtRH5 with 
anti-Hise antibody in the afiinity-purified replicase preparations. 
Note that "soluble" represents the total protein extract from yeast 
demonstrating comparable levels of His6-AtRH5 in each sample 
(lanes 4-6). Each experiment was repeated three times. (B) 
Interaction between yeast DEAD-box helicases and the TBSV 
p33 replication protein based on the membrane yeast two hybrid 
assay (split-ubiquitin assay). The bait p33 was co-expressed with 
the prey full-length host proteins in yeast. The yeast Ssalp (HSP70 
chaperone), and the empty prey vector (NubG) were used as 
positive and negative controls, respectively. The image shows 10- 
fold serial dilutions of yeast cultures. 
(PDF) 

Figure S6 Interaction between AtRH2 and AtRH5 and the 
TBSV p33 replication protein. (A) A schematic representation of 
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viral p33 and its derivatives used in the binding assay (each MBP- 
tagged at the N- terminus). The various domains include: TMD, 
transmembrane domain; RPR, arginine-proline-rich RNA bind- 
ing domain; P; phosphorylated serine and threonine; SI and S2 
subdomains involved in p33:p33/p92 interaction. The results of 
the in vitro binding experiments are summarized ("+" or " — 
based on two repeats). (B) In vitro pull-down assay of Hise-tagged 
AtRH5 (lanes 1-4), Hise-peptide (lanes 5-8) or Hise-tagged 
AtRH2 (lanes 11—14) with MBP-p33 derivatives using amylose 
resin. Top panel: Western blot analysis with anti-His antibody of 
His5-tagged helicases pulled down with MBP-p33 derivatives. 
Lane 9 contains purified Hise-tagged AtRH5 as a standard. 
Bottom panel: Coomasie stained SDS-PAGE gel, showing quality 
and quantity of purified MBP-p33 derivatives. 
(PDF) 

Figure S7 AtRH2 and AtRH5 do not inhibit the binding of p33 
replication protein to the TBSV (-I-)RNA. (A) Scheme of the in 
vitro TBSV (-l-)RNA binding assay. (B) In vitro EMSA binding assay 
with purified MBP-p33C [an N- terminally truncated version of 

References 

1. Nagy PD (2008) Yeast as a model host to explore plant virus-host interactions. 
Annu Rev Phytopathol 46: 217-242. 

2. den Boon JA, Diaz A, Ahlquist P (20 1 0) Cytoplasmic viral replication complexes. 
Cell Host Microbe 8: 77-85. 

3. Nagy PD, PoganyJ (2012) The dependence of viral RNA replication on co- 
opted host factors. Nature Reviews Microbiology 10: 137-149. 

4. Belov GA, van Kuppeveld FJ (2012) (+)RNA viruses rewire cellular pathways to 
build replication organelles. Gurr Opin Virol 2: 740-747. 

5. Nagy PD, PoganyJ (2006) Yeast as a model host to dissect functions of viral and 
host factors in tombusvirus replication. Virology 344: 211-220. 

6. Brinton MA (2001) Host factors involved in West Nile virus replication. 
Ann N Y Acad Sci 951: 207-219. 

7. Shi ST, Lai MM (2005) Viral and cellular proteins involved in corona virus 
replication. Gurr Top Microbiol Immunol 287: 95-131. 

8. Nagy PD, Wang RY, PoganyJ, Hafren A, Makinen K (201 1) Emerging picture 
of host chaperone and cyclophilin roles in RNA virus replication. Virology 411: 
374-382. 

9. Bartenschlager R, Gosset FL, Lohmann V (2010) Hepatitis G virus replication 
cycle. Journal of Hepatology 53: 583-585. 

10. Novoa RR, Galderita G, Arranz R, Fontana J, Granzow H, et al. (2005) Virus 
factories: associations of cell organelles for viral replication and morphogenesis. 
Biol Cell 97: 147-172. 

11. de Castro IF, Volonte L, Risco C (2013) Virus factories: biogenesis and 
structural design. Cell Microbiol 15: 24-34. 

12. Li Z, Nagy PD (201 1) Diverse roles of host RNA binding proteins in RNA virus 
replication. RNA Biol 8: 305-315. 

13. Ogram SA, Flanegan JB (2011) Non-Templated Functions of Viral RNA in 
Picornavirus Replication. Gurr Opin Virol 1: 339-346. 

14. Panavas T, Nagy PD (2003) Yeast as a model host to study replication and 
recombination of defective interfering RNA of Tomato bushy stunt virus. 
Virology 314: 315-325. 

15. Panaviene Z, Panavas T, Serva S, Nagy PD (2004) Purification of the cucumber 
necrosis virus replicase from yeast cells: role of coexpressed viral RNA in 
stimulation of replicase activity. J Virol 78: 8254 8263. 

16. Panaviene Z, Panavas T, Nagy PD (2005) Role of an internal and two 3'- 
terminal RNA elements in assembly of tombusvirus replicase. J Virol 79: 10608- 
10618. 

17. Pogany J, White KA, Nagy PD (2005) Specific Binding of Tombusvirus 
Replication Protein p33 to an Internal Replication Element in the Viral RNA Is 
Essential for Replication. J Virol 79: 4859 4869. 

18. Nagy PD, PoganyJ (2008) Multiple roles of viral replication proteins in plant 
RNA virus replication. Methods Mol Biol 451: 55-68. 

19. Pathak KB, PoganyJ, Xu K, White KA, Nagy PD (2012) Defining the Roles of 
cis-Acting RNA Elements in Tombusvirus Replicase Assembly In Vitro. J Virol 
86: 156-171. 

20. Wu B, PoganyJ, Na H, Nicholson BE, Nagy PD, et al. (2009) A discontinuous 
RNA platform mediates RNA virus replication: building an integrated model for 
RNA-based regulation of viral processes. PLoS Pathog 5: el 000323. 

21. Wang RY, Nagy PD (2008) Tomato bushy stunt virus Co-Opts the RNA- 
Binding Function of a Host Metabolic Enzyme for Viral Genomic RNA 
Synthesis. Cell Host Microbe 3: 178-187. 

22. Wang RY, Stork J, PoganyJ, Nagy PD (2009) A temperature sensitive mutant of 
heat shock protein 70 reveals an essential role during the early steps of 
tombusvirus replication. Virology 394: 28-38. 



p33, which shows selective binding to the viral (+)RNA] in the 
presence of purified AtRH5 or AtRH2. The ^^P-labeled RNA 
template was RII(+)-SL (—0.1 pmol), which is the p33RE [part of 
RII(+)], and binds selectively to p33. The assay contained 0.02 |ig 
of purified recombinant MBP-p33C, plus 0.02, 0.06, 0.2 or 0.6 |ig 
of purified recombinant AtRH5 or AtRH2, as shown. The 
samples in lanes 6 and 13 contained 0.6 |Lig of purified 
recombinant AtRH5 or AtRH2 in the absence of p33C. 
(PDF) 

Acknowledgments 

The authors thank Drs. Ching-Kai Chuang and Judit Pogany for valuable 
comments. 

Author Contributions 

Conceived and designed the experiments: NK PDN. Performed the 
experiments: NK. Analyzed the data: NK PDN. Contributed reagents/ 
materials/analysis tools: NK PDN. Wrote the paper: NK PDN. 



23. Wang RY, Stork J, Nagy PD (2009) A key role for heat shock protein 70 in the 
localization and insertion of tombusvirus replication proteins to intracellular 
membranes. J Virol 83: 3276-3287. 

24. PoganyJ, Stork J, Li Z, Nagy PD (2008) In vitro assembly of the Tomato bushy 
stunt virus replicase requires the host Heat shock protein 70. Proc Natl Acad 
Sci U S A 105: 19956-19961. 

25. Serva S, Nagy PD (2006) Proteomics analysis of the tombusvirus replicase: 
Hsp70 molecular chaperone is associated with the replicase and enhances viral 
RNA replication. J Virol 80: 2162-2169. 

26. Li Z, Barajas D, Panavas T, Herbst DA, Nagy PD (2008) Cdc34p Ubiquitin- 
Gonjugating Enzyme Is a Component of the Tombusvirus Replicase Complex 
and Ubiquitinates p33 Replication Protein. J Virol 82: 6911-6926. 

27. Li Z, PoganyJ, Tupman S, Esposito AM, Kinzy TO, et al. (2010) Translation 
elongation factor lA facilitates the assembly of the tombusvirus replicase and 
stimulates minus-strand synthesis. PLoS Pathog 6: el 00 1175. 

28. Li Z, Pogany J, Panavas T, Xu K, Esposito AM, et al. (2009) Translation 
elongation factor lA is a component of the tombusvirus replicase complex and 
affects the stability of the p33 replication co-factor. Virology 385: 245 260. 

29. Sasvari Z, Izotova L, Kinzy TG, Nagy PD (20 1 1) Synergistic Roles of Eukaryotic 
Translation Elongation Factors IBgamma and lA in Stimulation of Tombus- 
virus Minus-Strand Synthesis. PLoS Pathog 7: el 002438. 

30. Kovalev N, PoganyJ, Nagy PD (2012) A Co-Opted DEAD-Box RNA Helicase 
Enhances Tombusvirus Plus-Strand Synthesis. PLoS Pathog 8: el 002537. 

31. Pathak KB, Sasvari Z, Nagy PD (2008) The host Pexl9p plays a role in 
peroxisomal localization of tombusvirus replication proteins. Virology 379: 294 
305. 

32. Barajas D, Nagy PD (2010) Ubiquitination of tombusvirus p33 replication 
protein plays a role in virus replication and binding to the host Vps23p ESCRT 
protein. Virology 397: 358-368. 

33. Barajas D, Jiang Y, Nagy PD (2009) A Unique Role for the Host ESCRT 
Proteins in Replication of Tomato bushy stunt virus. PLoS Pathog 5: el 000705. 

34. Nagy PD, PoganyJ (2010) Global genomics and proteomics approaches to 
identify host factors as targets to induce resistance against tomato bushy stunt 
virus. Adv Virus Res 76: 123-177. 

35. Panavas T, Serviene E, Brasher J, Nagy PD (2005) Yeast genome-wide screen 
reveals dissimilar sets of host genes affecting replication of RNA viruses. Proc 
Natl Acad Sci U S A 102: 7326-7331. 

36. Jiang Y, Serviene E, Gal J, Panavas T, Nagy PD (2006) Identification of essential 
host factors affecting tombusvirus RNA replication based on the yeast Tet 
promoters Hughes Collection. J Virol 80: 7394-7404. 

37. Nagy PD (2011) The roles of host factors in tombusvirus RNA recombination. 
Adv Virus Res 81: 63-84. 

38. Mendu V, Chiu M, Barajas D, Li Z, Nagy PD (2010) Cprl cyclophilin and Essl 
parvulin prolyl isomerases interact with the tombusvirus replication protein and 
inhibit viral replication in yeast model host. Virology 406: 342 351. 

39. Linder P (2008) mRNA export: RNP remodeling by DEAD-box proteins. Curr 
Biol 18: R297 299. 

40. Linder P, Lasko P (2006) Bent out of shape: RNA unwinding by the DEAD-box 
helicase Vasa. CeU 125: 219-221. 

41. Cordin O, Banroques J, Tanner NK, Linder P (2006) The DEAD-box protein 
family of RNA helicases. Gene 367: 17-37. 

42. Ranji A, Boris-Lawrie K (2010) RNA helicases: emerging roles in viral 
replication and the host innate response. RNA Biol 7: 775 787. 

43. Huang TS, Wei T, Laliberte JF, Wang A (2010) A host RNA hehcase-like 
protein, AtRH8, interacts with the potyviral genome-linked protein, VPg, 



PLOS Pathogens | www.plospathogens.org 



14 



April 2014 | Volume 10 | Issue 4 | e1004051 



Viral Replication Enhancer Co-opts RNA Helicases 



associates with the vims accumulation complex, and is essential for infection. 
Plant Physiol 152: 255 266. 

44. Umate P, Tuteja R, Tuteja N (2010) Genome-wide analysis of helicase gene 
family from rice and Arabidopsis: a comparison with yeast and human. Plant 
Mol Biol 73: 449-465. 

45. Kant P, Kant S, Gordon M, Shaked R, Barak S (2007) STRESS RESPONSE 
SUPPRESSOR 1 and STRESS RESPONSE SUPPRESSOR2, two DEAD-box 
RNA helicases that attenuate Arabidopsis responses to multiple abiotic stresses. 
Plant Physiol 145: 814-830. 

46. Dalmay T, Horscficld R, Braunstein TH, Baulcombe DC (2001) SDE3 encodes 
an RNA helicase required for post-transcriptional gene silencing in Arabidopsis. 
EMBOJ 20: 2069-2078. 

47. Koonin EV, Dolja VV (1993) Evolution and taxonomy of positive-strand RNA 
viruses: implications of comparative analysis of amino acid sequences. Grit Rev 
Biochem Mol Biol 28: 375-430. 

48. Zuniga S, Sola I, Gruz JLG, Enjuanes L (2009) Role of RNA chaperones in virus 
replication. Virus Research 139: 253—266. 

49. Kovalev N, Barajas D, Nagy PD (2012) Similar roles for yeast Dbp2 and 
Arabidopsis RH20 DEAD-box RNA helicases to Dedl helicase in tombusvirus 
plus-strand synthesis. Virology 432: 470-484. 

50. Weaver PL, Sun G, Ghang TH (1997) Dbp3p, a putative RNA helicase in 
Saccharomyces cerevisiae, is required for efficient pre-rRNA processing 
predominantly at site A3. Mol Gell Biol 17: 1354-1365. 

51. Garcia I, Albring MJ, Uhlenbeck OG (2012) Duplex destabilization by four 
ribosomal DEAD-box proteins. Biochemistry 51: 10109 10118. 

52. Alexandrov A, Golognori D, Steitz JA (201 1) Human eIF4AIII interacts with an 
eIF4G-like partner, NOMl, revealing an evolutionarily conserved function 
outside the exon junction complex. Genes Dev 25: 1078 1090. 

53. Shah Nawaz-Ul-Rehman M, Reddisiva Prasanth K, Baker J, Nagy PD (2013) 
Yeast screens for host factors in positive-strand RNA virus replication based on a 
library of temperature-sensitive mutants. Methods 59: 207-216. 

54. Shah Nawaz-Ul-Rehman M, Martinez-Ochoa N, Pascal H, Sasvari Z, Herbst 
G, ct al. (2012) Proteome-wide overexpression of host proteins for identification 
of factors affecting tombusvirus RNA replication: an inhibitory role of protein 
kinase G.J Virol 86: 9384-9395. 

55. Ray D, White KA (2003) An internally located RNA hairpin enhances 
replication of Tomato bushy stunt virus RNAs. J Virol 77: 245-257. 

56. Panavas T, Nagy PD (2003) The RNA replication enhancer element of 
tombusviruses contains two interchangeable hairpins that are functional during 
plus-strand synthesis. J Virol 77: 258-269. 

57. Panavas T, Nagy PD (2005) Mechanism of stimulation of plus-strand synthesis 
by an RNA replication enhancer in a tombusvirus. J Virol 79: 9777—9785. 

58. Stork J, Kovalev N, Sasvari Z, Nagy PD (201 1) RNA chaperone activity of the 
tombusviral p33 replication protein facilitates initiation of RNA synthesis by the 
viral RdRp in vitro. Virology 409: 338 347. 

59. Panavas T, Stork J, Nagy PD (2006) Use of double-stranded RNA templates by 
the tombusvirus replicase in vitro: Implications for the mechanism of plus-strand 
initiation. Virology 352: 110-120. 

60. Panavas T, Pogany J, Nagy PD (2002) Internal initiation by the cucumber 
necrosis virus RNA-dependent RNA polymerase is facilitated by promoter-like 
sequences. Virology 296: 275-287. 

61. Gheng GP, Pogany J, Nagy PD (2002) Mechanism of DI RNA formation in 
tombusviruses: dissecting the requirement for primer extension by the 
tombusvirus RNA dependent RNA polymerase in vitro. Virology 304: 460 473. 

62. Nagy PD, Pogany J (2000) Partial purification and characterization of Cucumber 
necrosis virus and Tomato bushy stunt virus RNA-dependent RNA polymerases: 
similarities and differences in template usage between tombusvirus and 
carmovirus RNA-dependent RNA polymerases. Virology 276: 279-288. 

63. Pogany J, Nagy PD (2008) Authentic replication and recombination of Tomato 
bushy stunt virus RNA in a cell-free extract from yeast. J Virol 82: 5967—5980. 

64. Monkewich S, Lin HX, Fabian MR, Xu W, Na H, et al. (2005) The p92 
polymerase coding region contains an internal RNA element required at an 
early step in Tombusvirus genome replication. J Virol 79: 4848 4858. 

65. Mine A, Okuno T (2012) Composition of plant virus RNA replicase complexes. 
Gurr Opin Virol 2: 669-675. 

66. Wu B, GriguUJ, Ore MO, Morin S, White KA (2013) Global organization of a 
positive-strand RNA virus genome. PLoS Pathog 9: el 003363. 

67. Rodriguez-Galan O, Garcia-Gomez JJ, de la Gruz J (2013) Yeast and human 
RNA helicases involved in ribosome biogenesis: current status and perspectives. 
Biochim Biophys Acta 1829: 775-790. 

68. Xu R, Zhang S, Lu L, Gao H, Zheng G (2013) A genome-wide analysis of the 
RNA helicase gene family in Solanum lycopersicum. Gene 513: 128 140. 

69. Salonen A, Ahola T, Kaariainen L (2005) Viral RNA replication in association 
with cellular membranes. Gurr Top Microbiol Immunol 285: 139—173. 

70. Kao GG, Singh P, Ecker DJ (2001) De novo initiation of viral RNA-dependent 
RNA synthesis. Virology 287: 251-260. 

71. Wang X, Ahlquist P (2008) Filling a GAP(DH) in asymmetric viral RNA 
synthesis. Gell Host Microbe 3: 124-125. 

72. Rajendran KS, Nagy PD (2003) Gharacterization of the RNA-binding domains 
in the replicase proteins of tomato bushy stunt virus. J Virol 77: 9244-9258. 



73. Huang TS, Nagy PD (2011) Direct inhibition of tombusvirus plus-strand RNA 
synthesis by a dominant-negative mutant of a host metabolic enzyme, GAPDH, 
in yeast and plants. J Virol. 

74. Yasuda-Inoue M, Kuroki M, Ariumi Y (2013) Distinct DDX DEAD-box RNA 
helicases cooperate to modulate the HIV- 1 Rev function. Biochem Biophys Res 
Gommun 434: 803-808. 

75. Lorgeoux RP, Guo F, Liang G (2012) From promoting to inhibiting: diverse 
roles of helicases in HIV-1 Replication. Retrovirology 9: 79. 

76. Schroder M (2011) Viruses and the human DEAD-box helicase DDX3: 
inhibition or exploitation? Biochem Soc Trans 39: 679—683. 

77. Noueiry AO, Ghen J, Ahlquist P (2000) A mutant allele of essential, general 
translation initiation factor DEDl selectively inhibits translation of a viral 
mRNA. Proc Nad Acad Sci U S A 97: 12985 12990. 

78. Bolinger G, Sharma A, Singh D, Yu L, Boris-Lawrie K (2010) RNA helicase A 
modulates translation of HIV-1 and infectivity of progeny virions. Nucleic Acids 
Res 38: 1686 1696. 

79. Watanabe Y, Ohtaki N, Hayashi Y, Ikuta K, Tomonaga K (2009) Autogenous 
translational regulation of the Borna disease virus negative control factor X from 
polycistronic mRNA using host RNA helicases. PLoS Pathog 5: el 000654. 

80. Morohashi K, Sahara H, Watashi K, Iwabata K, Sunoki T, et al. (2011) 
Gyclosporin a associated helicase-like protein facilitates the association of 
hepatitis G virus RNA polymerase with its cellular cyclophilin B. PLoS One 6: 
el8285. 

8 1 . Lawrence P, Rieder E (2009) Identification of RNA helicase A as a new host 
factor in the replication cycle of foot-and-mouth disease virus. J Virol 83: 1 1356- 
11366. 

82. Goh PY, Tan YJ, Lim SP, Tan YH, Lim SG, et al. (2004) GeUular RNA hehcase 
p68 relocalization and interaction with the hepatitis G virus (HGV) NS5B 
protein and the potential role of p68 in HGV RNA repHcation. J Virol 78: 5288 
5298. 

83. Upadhyay A, Dixit U, Manvar D, Ghaturvedi N, Pandey VN (2013) Affinity 
capture and identification of host cell factors associated with hepatitis G virus (-I-) 
strand subgenomic RNA. Mol Gell Proteomics 12: 1539-1552. 

84. Gimenez-Barcons M, Alves-Rodrigues I, Jungfleisch J, Van Wynsberghe PM, 
Ahlquist P, et al. (2013) The cellular decapping activators LSml, Patl, and 
Dhhl control the ratio of subgenomic to genomic Flock House virus RNAs. 
J Virol 87: 6192-6200. 

85. Wang H, Kim S, Ryu WS (2009) DDX3 DEAD-Box RNA helicase inhibits 
hepatitis B virus reverse transcription by incorporation into nucleocapsids. J Virol 
83: 5815 5824. 

86. Xu Z, Hobman TG (20 1 2) The helicase activity of DDX56 is required for its role 
in assembly of infectious West Nile virus particles. Virology 433: 226 235. 

87. JongJE, Park J, Kim S, Seo T (2010) Kaposi's sarcoma- associated herpesvirus 
viral protein kinase interacts with RNA helicase a and regulates host gene 
expression. J Microbiol 48: 206-212. 

88. Ye P, Liu S, Zhu Y, Chen G, Gao G (2010) DEXH-Box protein DHX30 is 
required for optimal function of the zinc-fmger antiviral protein. Protein Gell 1 : 
956-964. 

89. Sumpter R, Jr., Loo YM, Foy E, Li K, Yoneyama M, et al. (2005) Regulating 
intracellular antiviral defense and permissiveness to hepatitis G virus RNA 
repHcation through a cellular RNA hehcase, RIG-I. J Virol 79: 2689 2699. 

90. Fullam A, Schroder M (20 1 3) DExD/H-box RNA hehcases as mediators of anti- 
viral innate immunity and essential host factors for viral replication. Biochim 
Biophys Acta 1829: 854-865. 

91. Li Z, Vizeacoumar FJ, Bahr S, Li J, Warringer J, et al. (2011) Systematic 
exploration of essential yeast gene function with temperature-sensitive mutants. 
Nat Biotechnol 29: 361-367. 

92. Janke G, Magiera MM, Rathfelder N, Taxis G, Reber S, et al. (2004) A versatile 
toolbox for PGR-based tagging of yeast genes: new fluorescent proteins, more 
markers and promoter substitution cassettes. Yeast 21: 947 962. 

93. Kovalev N, Nagy PD (2013) CyclophiHn A binds to the viral RNA and 
replication proteins resulting in inhibition of tombusviral replicase assembly. 
J Virol 87(24): 13330-42 

94. Barajas D, Li Z, Nagy PD (2009) The Nedd4-type Rsp5p ubiquitin ligase 
inhibits tombusvirus replication by regulating degradation of the p92 replication 
protein and decreasing the activity of the tombusvirus replicase. J Virol 83: 
11751-11764. 

95. Gheng GP, Jaag HM, Jonczyk M, Serviene E, Nagy PD (2007) Expression of the 
Arabidopsis Xrn4p 5 '-3' exoribonuclease facilitates degradation of tombusvirus 
RNA and promotes rapid emergence of viral variants in plants. Virology 368: 
238-248. 

96. Rajendran KS, Pogany J, Nagy PD (2002) Comparison of turnip crinkle virus 
RNA-dependent RNA polymerase preparations expressed in Escherichia coli or 
derived from infected plants. J Virol 76: 1707-1717. 

97. Panavas T, Pogany J, Nagy PD (2002) Analysis of minimal promoter sequences 
for plus-strand synthesis by the Cucumber necrosis virus RNA-dependent RNA 
polymerase. Virology 296: 263-274. 

98. Jiang Y, Li Z, Nagy PD (2010) Nucleolin/Nsrlp binds to the 3' noncoding 
region of the tombusvirus RNA and inhibits replication. Virology 396: 10-20. 



PLOS Pathogens | www.plospathogens.org 



15 



April 2014 | Volume 10 | Issue 4 | el004051 



